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Abstract 
In the course of geothermal reservoir development, tracer tests can be one of the most useful methods for evaluating hydrogeo logical 
characteristics of the reservoir. Laboratory experimental apparatus of tracer test with vertical two-dimensional porous media of 150cm length, 
60 cm height and 2 cm thickness filled with glass beads of 1mm diameter was manufactured Wells were simulated by injecting and extracting 
fluid with gear pumps from holes. Twenty holes were made on the outer plastic wall such that the hole can represent wells penetrating 
perpendicularly the porous media. In the experiments, 1.2wt% NaCl solution was used as a tracer. Tracer concentration was measured using 
conductivity sensor at the production well. We conducted four experiments by changing its positions of the wells. Both flowrates of injection and 
production were kept constant to be 100ml/min. When the distance between the reinjection and production wells was increased, the peak values 
of the tracer concentration became lower and its arriving time grew later 
1. INTRODUCTION 
Reinjectionis common operational strategy during exploitation of the water dominated geothermal systems. This 
operation is aimed to maintain sustainable production of geothermal fluids as well as to avoid any environmental 
problems caused by disposing the water into nearby river or stream. However, a quick return of reinjected water to 
production zones causes temperature drop of reservoir and eventually decreases steam production of wells. Thus, a 
newly drilled reinjection well can be examined for its hydrological connectivity with production wells in the field 
and any cooling effects on production wells by conducting tracer tests(Tokita et al., 1995). The results of the tracer 
test are used for confirming any presence of direct connectivity between the tracer injected well and other 
production wells, and also for analyzingof tracer mass recovery and flow velocity among wells(Tokita et al., 1995; 
Maturgo et al., 2010, Martines and Axelsson, 2011).  
In a fault controlled geothermal system, faults play a role as a reservoir. For example, the Ginyu fault in the Ogiri 
geothermal field, Japan, acts as the main geothermal reservoir and most of the production wells were drilled such 
that wells perpendicularly penetrate fault surface by directional drilling to have their feed zone in Ginyu 
fault(Goko.1995; Goko, 2000).  The dip of the Ginyu fault was estimated by drilling results to be 62.3o and 72.3o 
indicating high angle fault (Goko, 1995). Tracer test results have been analyzed by applying solute transport 
equation in one dimensional linear flow system (Axelsson et al., 2005). However, reinjected fluid flow in a high 
angle fault system where feed zones of reinjection and production wells are located might not be well represented 
with a linear flow model. Reinjected water flows vertically as well as horizontally in a fault system. Thus, transport 
of tracer chemicals can be modeled with a flow in a vertical two-dimensional porous domain. For this purpose, we 
developed an experimental apparatus for laboratory studies on tracer test to investigate tracer movement in a vertical 
two-dimensional porous media and to evaluate the effects of well setup, and horizontal and vertical distances 
between injection and production wells on tracer concentration in produced fluid.  
This paper summarizes the fundamental laboratory tracer experiment with vertical two-dimensional porous model.  
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2. LABORATORY EXPERIMENT
2.1.Experimental Apparatus
A schematic diagram of the apparatus used in this study is shown in Fig.1.
The apparatus consists of a porous media, water head tanks, manometer, gear pumps and circulation pump. A 
rectangular container of 60 cm height, 150 cm width and 2 cm thickness was made of 1cm thick transparent vinyl 
chloride plate. This container was tightly packed with glass beads of 1mm in diameter to form a vertical two 
dimensional porous media.
Fig 1. Schematic diagram of the apparatus
Two water tanks were connected to the porous media and a background flow was suppliedby giving a potential head 
difference between these tanks. Potential head of the tank was maintained constant during the experiment by 
overflowing water from the tanks.
Water temperature was monitored in the water head tankswith thermistors.
Fig2. Schematic of simulated well
Holes of 9 mm diameter were drilled on one side of the container and a hollow bolt of polyvinyl chloride was
screwed at each hole. The bolt was inserted with teflon tube as shown in Fig.2. This tube was connected to silicon
tube and gear pump for injecting water or producing water from the porous media. There were 20 holes drilled on 
the container wall and unused holes were plugged with non-hollow bolt. Figure 2 shows the schematic of hole with a 
bolt for producing water. Electrical poles were inserted into the tube at the outlet for measuring electrical
conductivity ofthe tracer chemical. On the other hand, there is an injection port of tracer at the inlet of tube for
injection holes.
2.2.Experimental Procedure
over flow
porous media
in flow
bolt of polyvinyl chloride
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porous media
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Background flow in the porous media was formed by setting a potential difference between two water head tanks.
Then, gear pumps were started to inject and produce water at specified flow rates. Once a steady state of fluid flow
in the porous media was attained, a tracer, 1.2wt% of NaCl solution colored with red dye, was injected with a plastic 
syringe at injection port. After injecting tracer chemicals, electrical conductivity at the producing hole was
continuously monitored. Movement of red dye in the porous media was also visually monitored with digital camera.
In this experiment, we used electrical poles with pole-pole array wherein measured electrical potential was 
converted to electrical conductivity (EC) for tracer concentration. EC was calculated by (Tamanushi,1991) : 
VR
1EC I (1)
where EC is the electrical conductivity ( ), R is the resistance of solution( ), I is theelectric current acting on 
pole(A), V is the electrical potential difference between poles(V), is the cell number(1/cm ).
Fig 3. Arrangement of wells 
Figure 3 shows locations of holes for injection and production. There are twenty(20) holes and the blue solid circle
indicates the injection point or injection well(IW) and the red solid circles indicate the production points or 
production wells(PW). The experiments were basically conducted with a combination of one injection well and one
production well. Four cases were carried out by changing locations of production wells as shown in Fig.3. A 20ml
tracer was injected for each experiment.
2.3.RESULT OF EXPERIMENTS AND DISCUSSION
In the exploitation of geothermal reservoirs, pressure of production zone is generally higher than that of reinjection
zone. Thus, the positions of the wells were arranged as follows: the production well was located at the higher
pressure region while the reinjection well in the lower pressure regionas shown in Fig. 3.  
A constant hydraulic potential difference of 5 mm between the tanks was maintained in the experiment to allow
background flow in the porous media. Flow rates at production and injection wells were measured with flow meter
set between the gear pump and the hollow bolt.
Experiments were conducted four times by changing only the arrangement of production wells. As shown in Fig.3,
the position of injection well was fixed at X=30cm, Y=30cm, while the position of production well was varied at
(X,Y) as (60, 30), (90, 30), (120,30) and (90,15) in cm. Flow rates of injection and production were kept constant at 
100(ml/min) during the experiments. The experiments lasted for three hours.
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Fig4.Tracer response curve 
 
Fig5.Tracer response curve 
 
Table1.Peak value of EC and arrival time of the tracer(Fig. 4) 
 
 
 
Table2.Peak value of EC and arrival time of the tracer(Fig. 5) 
Case 1 2 
 462 226 
Arrival time of tracer (min)  9 34 
 
 
Fig.4 and 5shows the change in EC with time for three cases of experiments from Case 1 to Case 3. In these cases, 
only the horizontal distance was changed.  
In Case1, distance between IW and PW is the shortest among all cases and EC starts increasing very quickly and 
reaches to the peak value in a short time.So Case 1 has a sharp gradient compared with other cases.However, tail of 
tracer response curve remains and it takes long time to decrease to the initial value of EC. In Case 2, the peak value 
of EC is 0.49 times of that of Case 1 and arrival time of the tracer is 3.8 times longer than that of Case 1. Gradient of 
the curve is moderate compared with Case 1.  
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In Case 3, distance between PW and IW is the longest, 90 cm, among all cases and EC starts increasing very slowly 
and reaches to the peak value in a very long time. The peak value of EC and the arrival time of the tracer is 0.33 
times and 13 times that of Case 1, respectively. Gradient of the curve is the lowest in all cases and the value of EC 
decreases to its initial value quickly. Thus, the peak value of EC decreases with increasing the distance between 
wells. Also, there is a longer arrival time of the tracer at the production well as the distance between IW and PW 
increases. As shown in Table.1,  relation between peak of EC and distance between wells is inversely proportional.  
Fig.5shows the change in EC with time for two cases of experiments; Case 2and Case 4. In these cases, only the 
vertical distance between IW and PW was changed.  
In Case4, position of PW is 15 cm below that of Case 2. The peak value of EC was higher than that of Case2 though 
the rectilinear distance between IW and PW of Case4 is longer than that of Case 2. Also, the peak value of Case4 is 
shown to be 1.1times that of Case2.On the other hand, the arrival time of the tracer is almost the sameand the shape 
of tracer response curve also almost matches with Case 2. 
It appears that there is an influence of gravity in the result in Fig.5. This is obvious from distribution of the tracer 
because the tracer can be seen at the bottom of porous media 160 minutes later.  
Fig.6 to Fig.8 shows thetracer dispersion behavior in the porous media forCase 1 to 3 experiments, respectively.The 
blue solid circle in the figure indicates the injection well (IW) and the red solid circle indicatesthe 
productionwell(PW). 
At the beginning of the experiment, tracer was injected instantaneously. At time t=0, the tracer remained 
concentrated around the injection well.. 
Tracer moved in a concentric manner at 10 minutes and began to spread in an elliptically-deformed shape thereafter. 
For Case 1, at t=10 minutes, the tracer already reached the production well and the peak of EC has already been 
detected. 
At t=20 minutes,the tracer for Case 2 and 3almost reached the top and bottom boundary of the porous media. The 
left side of the tracer has already arrived at the boundary. For Case 1, at this time, the detected value of EC 
decreased gradually.  
In Case 2, at t=30 minutes, the tracer began to reach PW and it concentrated near the production well. Between t=30 
and 40 minutes, tracer began to be detected at the production well as shown in Fig.4. The peak value of EC was 
detected at PW at 34 minutes. Tracer arrived at the top and bottom boundary 40 minutes later.  
At 60 minutes, tracers were almost invisible at the top and bottom boundaries of the porous media for all cases. The 
value of EC for Case 1 was already low at PW and was near to the initial value of EC as visually shown from its 
tracer distribution. In Case 2, value of EC has been decreasing gradually and few tracers were being produced at 
PW. 
After 100 minutes, there were few changes in the tracer distribution of Cases 1 and 2. For Case 3, tracer had not yet 
arrived at PW because the position of well is located farthest from the injection well. This means that the velocity 
between its wells is slowest compared with other Cases. Tracer was transferred gradually to PW with time. The 
tracer was detected at PW onlyafter 110minutes.  
In all Cases, after almost all tracers were produced, its transfer processhad become slower and has been distributed 
linearly with time. A part of tail of tracer remained in the porous media for a long time.  
Until tracer arrived at production well, tracer was spreading quickly, but after the peak value of EC was detected, 
transfer of tracer became slow. This is because the background flow and flow from injection well balanced 
outgradually near the production well. 
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Fig 6. Distribution of the tracer in Case 1 
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Fig 7. Distribution of the tracer in Case 2 
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CONCLUSIONS 
1.Laboratory experimental apparatus for tracer test in a vertical two-dimensional porous media was developed to 
model tracer transport in a fault controlled system from reinjection well to production wells.  
2.Injected tracer of 1.2wt% NaCl was detected at production point as electrical conductivity(EC) and tracer 
movement was visually monitored with digital camera. 
3. As the distance between injection and production points increases, arriving time of tracer at the production point 
takes more time with lowered peak of EC value. 
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